Using high-resolution transmission electron microscopy and image simulation techniques in combination with ab initio calculations, we show the existence of two different superlattices of crystallographic shear planes, analogous to the Magnéli phases of rutile, in oxygen-deficient films of anatase TiO 2 epitaxially grown on LaAlO 3 substrates. (103)-and (101)-oriented shear plane structures are detected in the outer film region and in proximity of the film/substrate interface, respectively. We show that these shear planes are characterized by TiO-like cubic local structures, which can deviate from the Ti n O 2n−1 stoichiometry of the classical rutile-derived Magnéli phases, particularly in the outer part of the film. Computed formation energies provide insights into the thermodynamic stability of the observed structures and their relations to the growth dynamics.
I. INTRODUCTION
TiO 2 is an important technological material with a broad range of applications, including photocatalysis and solar energy conversion, 1 electrodes for electrochemical cells, 2 and novel memristor switching memories. 3 In particular, memristors are based on a resistive switching phenomenon which in TiO 2 has been associated to a local phase transformation to a Ti n O 2n−1 Magnéli phase (MP), 4, 5 resulting from a reduction of the original TiO 2 matrix. The importance of this phenomenon and the fact that its basic mechanisms are not well understood 3 have prompted a renewed interest in the fundamental physical properties of MPs and, more generally, of reducing defects in TiO 2 and their behavior as a function of the oxygen nonstoichiometry.
It has long been known that TiO 2 can easily accommodate a wide range of substoichiometries. Within the rich titaniumoxygen phase diagram, 6 homologous series of compounds occur, among which the mixed-valence Ti n O 2n−1 Magnéli phases are important representatives. MPs can be described as resulting from a regular arrangement of crystallographic shear (CS) planes in oxygen-deficient rutile. 7, 8 These structures are stable for intermediate stoichiometries between Ti 2 O 3 and TiO 2 when the maximum amount of x in rutile TiO 2−x is larger than 10 −4 . Diluted (x < 10 −4 ) oxygen vacancies form isolated point defects 9, 10 which deeply affect the chemistry and photocatalytic activity of TiO 2 . [11] [12] [13] With increasing concentration, oxygen vacancies rearrange to form CS planes. These rutile-derived MPs have been known for several decades and have been extensively characterized both experimentally and theoretically. 9, 10, [14] [15] [16] [17] [18] The occurrence and nature of CS structures in the other major TiO 2 polymorph, anatase, have not yet been established, even though their existence has been suggested previously for anatase thin films epitaxially grown on LaAlO 3 (LAO). 19 In view of the considerable interest of anatase films for new and/or improved technological applications, 20 a detailed characterization of their structure would be highly desirable, especially with regard to the nature and properties of reducing defects and their possible aggregation to form CS planes.
In this work, we use high-resolution transmission electron microscopy (HRTEM) experiments, HRTEM image simulation techniques, and density functional theory (DFT) calculations to characterize the structure and defects in LAOsupported TiO 2 anatase thin films. We show the existence of two different superlattices of CS planes analogous to the MPs derived from rutile and investigate the thermodynamic stability of these superstructures as a function of the oxygen supersaturation during film growth. Epitaxial TiO 2 thin-film materials are of considerable interest for their well-defined structural and compositional characteristics. 20 In particular, TiO 2 /LAO stands out because the small lattice mismatch (approximately ∼0.2%) 21, 22 in principle allows the realization of structurally excellent films with atomically sharp and clean film/substrate heterointerfaces. However, LAO-supported anatase films always contain defects whose nature and origin are unclear. In this context, high-resolution cross-sectional TEM provides a unique opportunity to ascertain the presence of structural defects at the atomic scale and to follow the evolution of shear structures across the growth direction.
II. METHODS

A. Sample and experiment
TiO 2 anatase films were deposited on (001)LAO substrates by pulsed laser deposition (KrF excimer laser, 248 nm) with a fluence of 2 J cm −2 at the target, 700
• C substrate temperature, and 10 −1 mbar oxygen pressure at a rate of about 0.02 nm s −1 and monitored in situ by reflection high-energy electron diffraction (RHEED). Conventional x-ray diffraction analysis was routinely performed on the TiO 2 /LAO films by a Philips X'Pert-XRD analytic diffractometer equipped with a four-circle cradle. A Cu Kα (λ = 1.5406Å) source was used at 40 kV and 40 mA. No secondary phases were detected in the TiO 2 films. Reciprocal space maps show the full in-plane matching between TiO 2 films and LAO substrate. Cross-sectional TEM specimens in the [010] zone axis were prepared with a conventional polishing technique followed by dimpling and ion milling. TEM experiments were performed using a TEM/STEM JEOL 2010 UHR field emission gun microscope operated at 200 kV with a measured spherical aberration coefficient C s = 0.47 ± 0.01 mm. HRTEM image simulations were performed by JEMS.
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B. Theoretical approach
DFT calculations were performed using the Perdew-BurkeErnzerhof 24 parametrization of the generalized gradient approximation (GGA), both without and with the inclusion of onsite Coulomb repulsion U on the Ti 3d states. 25 For the latter, the computed 26 value U = 3.5 eV was employed. We adopted the plane-wave pseudopotential scheme as implemented in the QUANTUM ESPRESSO package 27 with the computational setup extensively tested in Ref. 28 . Brillouin-zone samplings were sufficiently dense to converge total energies to better than 1 meV/Ti atom. A 5-mRy "cold" smearing 28 was applied to populate the one-electron levels of metallic systems. Both the cell parameters and the internal ion coordinates were optimized with the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm (force threshold = 0.03 eVÅ −1 , pressure tolerance = 50 bar). Finite-basis effects were corrected using the procedure by Bernasconi et al. 29 Preliminary runs were carried out without symmetry constraints, whereas the full cell symmetry was exploited in final calculations. Point defects were studied in nearly cubic 2 √ 2 × 2 √ 2 × 1 supercells (32 TiO 2 units). For the GGA + U calculations, we used the GGA-optimized lattice constants but reoptimized the internal degrees of freedom. All the models were built and displayed using GDIS. 30 The relative stabilities of systems with a variable stoichiometry (in our case TiO x , with 1 < x < 2) were investigated by ab initio thermodynamics. 31 Briefly, this approach allows the calculation of Gibbs free energies starting from DFT total energies. Similar calculations were previously performed for the Ti n O 2n−1 (n = 3-5) Magnéli phases in rutile by Liborio and Harrison. 17 A generic reduced X phase of Ti n O m stoichiometry can be seen as a defected TiO 2 system. The Gibbs formation energy of an oxygen defect of this phase can be defined as
where
is the Gibbs energy of the bulk TiO 2 phase, and μ O is the chemical potential of an O atom. By neglecting the pressure dependence of the free energies and chemical potentials of the condensed phases and assuming that the differences from vibrational contributions for these phases are also negligible, we obtain (2) where for the condensed phases the free energies have been replaced by DFT total energies. The oxygen chemical potential
where E O 2 is the total energy of O 2 . Although μ O can be explicitly calculated as a function of T , 17, 32 here we simply use it as a free parameter containing all the temperatureand pressure-dependent free-energy contributions. μ O can be varied between 0 (the dissociation limit of O 2 ) and 1 2 H f (TiO 2 ), the TiO 2 formation enthalpy, for which our computed value is −4.65 eV. 
III. RESULTS AND DISCUSSION
Figure 1(a) shows a HRTEM image of the TiO 2 /LAO cross-sectional area taken with the electron beam parallel to the [010] direction of the film. The TiO 2 films are about 40 nm thick and form two adjacent slabs with the same Bravais lattice, compatible with the anatase tetragonal cell. 33 Film and substrate are well matched to each other, and the interface is straight and sharp. The film has a modulated structure with regular arrays of planar faults, characteristic of CS planes derived from oxygen deficiencies throughout the TiO 2 nanostructure. These planar faults exhibit a brighter contrast at the CS ridges with respect to the host matrix. At a closer inspection, two different groups of CS planes can be identified: majority CS planes have approximately 1.3-nm spacing and form an angle ϕ α = 38
• with the [100] direction, whereas minority planes have ∼2.0 nm spacing and form an angle ϕ β = 68
• with [100]. The latter planes are only observed in proximity of the film/substrate interface. Diffractograms taken over the two CS regions and displayed in Figs. 1(b) and 1(c) , respectively, show a typical multiple-peak pattern, which indicates a superstructure-like behavior originating from the CS planes in the film and defining two new superlattices. In each diffractogram, the distance between the spots [red and green arrows in Figs. 1(b) and 1(c) , respectively] is strictly related to the 1.3-and 2.0-nm periodicity of the TiO 2 -modulated structure. The arrowed peaks can thus be interpreted as satellite peaks of the d hkl superlattices. The normal to the (hkl) A shear planes lies along the c * direction of the new superlattices and is given, for a phase Ti n O 2n−1 , by the relation c * = nd hkl * .
To elucidate the atomic structure of the film, several models were developed and optimized by means of DFT totalenergy calculations in the generalized gradient approximation (GGA), 24 starting from geometries compatible with the CS plane density and orientation measured by HRTEM. In the Ti n O 2n−1 MPs of rutile, 34 CS planes are ideally obtained by removing layers of oxygen atoms of rutile and mutually displacing the resulting slabs by a Inspection of Figs. 2(e) and 2(f) reveals that the Ti atoms closest to the CS planes give rise to incipient TiO-like cubic structures, which can be described as (320) T iO and (210) T iO thin films for (103) and (101) CS planes, respectively. This suggests that the stoichiometry of the Magnéli-like phases of anatase can range from TiO 2 to TiO, thus reaching a higher degree of reduction with respect to the rutile-derived Ti n O 2n−1 phases. We computed the stability of the above-described Ti n O 2n−1 models for n = 5-7 as a function of the oxygen pressure by DFT-GGA calculations. The optimized unit cell parameters for all the investigated models are reported in Tables I and II . Each stoichiometry is found to have a narrow but finite stability interval (see Fig. 3 ), so the results of this analysis are not sufficient to identify which structure is actually observed in the experiment. Thus, we evaluated the models on a structural basis, by comparing the predicted spacings and orientations of the CS planes with the HRTEM experimental data. For both the (103) and the (101) CS planes, a very good agreement with the experiment is obtained for the n = 6 case (d 103 = 1.33 nm, α = 37.6
• ; d 101 = 2.05 nm, β = 69.1 • ). We notice that the (101) CS planes are predicted to be more stable than the (103) ones according to our DFT-GGA calculations (Fig. 3) . This result is confirmed by calculations at the GGA + U level, 25 which are known to improve the description of the defect energetics in TiO 2 (Ref. 35 ; see Fig. 4) . A higher stability of (101) CS planes is, however, not compatible with the predominance of (103) CS planes in the outer-film region observed in our TEM experiments. This discrepancy can be explained by a precipitation of Ti interstitials at the CS planes, leading to an enlargement of the TiO-like structure. 36 In agreement with previous theoretical studies on rutile, 17 we find that both O vacancies and Ti interstitials at regular bulk anatase sites either have positive formation energy or are unfavored with respect to CS planes at high concentrations (see Figs. 3 and 4) . In contrast, Ti interstitials within CS planes, notably at the "1" sites of CS planes [see Figs. 2(e) and 2(f)], have negative formation energy; i.e., they tend to form spontaneously. In the presence of Ti interstitials within the CS planes, the (103)-oriented CS planes are stabilized with respect to the (101) ones and become largely favored over almost all the stability range of the CS plane structure (Fig. 4) . The parameters of the Magnéli-like phase are only slightly perturbed by the presence of Ti interstitials and are still in excellent agreement with the experiment (d 103 = 1.32 nm, α = 36.7
• ). There is, however, a slight lattice expansion, increasing the mismatch with LAO. This mismatch was estimated from the difference, [010] , between the c parameter of the unit cells of the reduced phases and the theoretical lattice parameter, a = 3.793Å, of LAO. (Note that all these parameters are related to the periodicity along the [010] direction of LAO, which is parallel to the interface; see Fig. 2 .) The [010] values calculated when the Ti interstitial is placed at the (103) and (101) planes are ∼6.2% and ∼4.1%, respectively. This suggests that the stabilization of (103) CS planes by Ti interstitials is hampered at the interface, where the epitaxial We used the optimized structural models described above to simulate HRTEM images of the two CS regions directly comparable to the experimental ones. Figure 5 The comparison between the HRTEM experimental image and the simulated image of the (101) CS model is shown in Fig. 6 . Although the orientation and spacing of the (101) CS planes in the theoretical model agree with the experimental ones, a discrepancy is observed in the linear arrangement of the brighter contrast spots running along the long vector of the monoclinic model cell, which coincides with the [100] anatase direction. Indeed, line scan profiles taken across the intensity maxima in the simulated image show a discontinuous spacing between the bright contrast spots, whereas in the HRTEM image the intensity maxima constantly repeat over distances comparable to the long vector of the monoclinic cell. Such a discrepancy may be related to the Al interdiffusion between the substrate and the film region that was previously measured by high angle annular dark field scanning TEM and energy dispersive spectroscopy at the TiO 2 /LAO interface. 33 The elucidation of the structure of the (101) CS region close to the interface would require, in addition to the work done for the pure phase, the determination of the density of Al impurities and their localization. This refinement goes beyond the purpose of this work and represents a challenge for future investigations.
IV. CONCLUSIONS
In conclusion, our HRTEM results on TiO 2 /LAO show the existence of two different types of defective regions within the film nanostructure. By combining image simulations and calculations, we have demonstrated that both regions consist of defective phases of TiO 2 anatase, each characterized by shear planes with different crystallographic orientation and interstitial Ti inclusions. Their microstructure consists of alternate slabs of anatase and layers of TiO stoichiometry, which resemble the MPs of rutile. We have investigated the phase diagram of these structures as a function of the oxygen chemical potential and have provided an explanation for the relative predominance of (103) and (101) CS planes in the body of the film and close to the interface with the substrate, respectively. These results represent an important contribution towards the full elucidation of the atomicscale structure of epitaxial anatase films. This understanding is essential for the control of the film quality and the optimization of manufacturing technologies based on such films.
